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We have shown that it is possible to model accurately optical phenomena in intense laser fields
by taking into account the intensity distribution over the laser beam. We developed a theoretical
model that divided an intense laser beam into concentric regions, each with a Rabi frequency that
corresponds to the intensity in that region, and solved a set of coupled optical Bloch equations for
the density matrix in each region. Experimentally obtained magneto-optical resonance curves for
the Fg = 2 −→ Fe = 1 transition of the D1 line of 87Rb agreed very well with the theoretical
model up to a laser intensity of around 200 mW/cm2 for a transition whose saturation intensity
is around 4.5 mW/cm2. We have studied the spatial dependence of the fluorescence intensity in
an intense laser beam experimentally and theoretically. An experiment was conducted whereby a
broad, intense pump laser excited the Fg = 4 −→ Fe = 3 transition of the D2 line of cesium while
a weak, narrow probe beam scanned the atoms within the pump beam and excited the D1 line
of cesium, whose fluorescence was recorded as a function of probe beam position. Experimentally
obtained spatial profiles of the fluorescence intensity agreed qualitatively with the predictions of the
model.
PACS numbers: 32.60.+i,32.80.Xx,32.10.Fn
I. INTRODUCTION
Coherent radiation can polarize the angular momen-
tum distribution of an ensemble of atoms in various ways,
creating different polarization moments, which modifies
the way these atoms will interact with radiation. Care-
fully prepared spin polarized atoms can make the absorp-
tion highly dependent on frequency (electromagnetically
induced transparency [1]), causing large values of the dis-
persion, which, in turn, are useful for such interesting ef-
fects as slow light [2] and optical information storage [3].
Electric and magnetic fields, external or inherent in the
radiation fields, may also influence the time evolution
of the spin polarization and cause measurable changes
in absorption or fluorescence intensity and/or polariza-
tion. These effects are the basis of many magnetometry
schemes [4, 5], and must be taken into account in atomic
clocks [6] and when searching for fundamental symmetry
violations [7] or exotic physics such as an electric dipole
moment of the electron [8]. Sufficiently strong laser radi-
ation creates atomic polarization in excited as well as in
the ground state [9] The polarization is destroyed when
the Zeeman sublevel degeneracy is removed by a mag-
netic field. Since the ground state has a much longer
lifetime, very narrow magneto-optical resonances can be
created, which are related to the ground-state Hanle ef-
fect (see [10] for a review). Such resonances were first
observed in cadmium in 1964 [11].
The theory of magneto-optical resonances has been un-
derstood for some time(see [7, 9, 12] for a review), and
bright (opposite sign) resonances have also been observed
∗Electronic address: Marcis.Auzins@lu.lv
and explained [13–15]; the challenge in describing experi-
ments lies in choosing the effects to be included in the nu-
merical calculations so as to find a balance between com-
putation time and accuracy. The optical Bloch equations
(OBEs) for the density matrix have been used as early as
1978 to model magneto-optical resonances [16]. In order
to achieve greater accuracy, later efforts to model signals
took into account effects such as Doppler broadening, the
coherent properties of the laser radiation, and the mix-
ing of magnetic sublevels in an external magnetic field to
produce more and more accurate descriptions of experi-
mental signals [17]. Analytical models can also achieve
excellent descriptions of experimental signals at low laser
powers in the regime of linear excitation where optical
pumping plays a negligible role [18, 19]. In recent years,
excellent agreement has been achieved by numerical cal-
culations even when optical pumping plays a role. How-
ever, as soon as the laser radiation begins to saturate the
absorption transition, the model’s accuracy suffers. The
explanation has been that at high radiation intensities,
it is no longer possible to model the relaxation of atoms
moving in and out of the beam with a single rate con-
stant [17, 20]. Nevertheless, accurate numerical models
of situations in an intense laser field are very desirable,
because they could arise in a number of experimental sit-
uations. Therefore, we have set out to model magneto-
optical effects in the presence of intense laser radiation
by taking better account of the fact that an atom experi-
ences different laser intensity values as it passes through
a beam. In practice, we solve the rate equations for the
Zeeman coherences for different regions of the laser beam
with a value of the Rabi frequency that more closely ap-
proximates the real situation in that part of the beam.
To save computing time, stationary solutions to the rate
equations for Zeeman sublevels and coherences are sought
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2for each region [21]. With this simplification to take into
account the motion of atoms through the beam, we could
now obtain accurate descriptions of experimental signals
up to much higher intensities for reasonable computing
times. Moreover, the model can be used to study the spa-
tial distribution of the laser induced fluorescence within
the laser beam. We performed such a study theoret-
ically and experimentally using two overlapping lasers:
one spatially broad, intense pump laser, and a weaker,
tightly focused, spatically narrow probe laser. The qual-
itative agreement between experimental and theoretical
fluorescence intensity profiles indicates that the model is
a useful tool for studying fluorescence dynamics as well
as for modelling magneto-optical signals at high laser in-
tensities.
II. THEORY
The theoretical model used here is a further develop-
ment of previous efforts [22], which has been subjected
to some initial testing in the specialized context of an
extremely thin cell [23]. The description of coherent pro-
cesses starts with the optical Bloch equation (OBE):
i~
∂ρ
∂t
=
[
Hˆ, ρ
]
+ i~Rˆρ, (1)
where ρ is the density matrix describing the atomic state,
Hˆ is the Hamiltonian of the system, and Rˆ is an opera-
tor that describes relaxation. These equations are trans-
formed into rate equations that are solved under station-
ary conditions in order to obtain the Zeeman coherences
in the ground (ρgigj ) and excited (ρeiej ) states[21]. How-
ever, when the intensity distribution in the beam is not
homogeneous, more accurate results can be achieved by
dividing the laser beam into concentric regions and solv-
ing the OBEs for each region separately while accounting
for atoms that move into and out of each region as they
fly through the beam. Figure 1 illustrates the idea. The
top part of the figure shows the intensity profile of the
laser beam, while the bottom part of the figure shows a
cross-section of the laser beam indicating the concentric
regions.
In order to account for particles that leave one region
and enter the next, an extra term must be added to the
OBE:
− i~γˆtρ+ i~γˆtρ′. (2)
In this term, ρ′ is the density matrix of the particles en-
tering the region (identical to the density matrix of the
previous region), and γˆt is an operator that accounts for
transit relaxation. This operator is essentially a diag-
onal matrix with elements γˆtij = (vyz/sn)δij , where vyz
characterizes the particle speed in the plane perpendic-
ular to the beam and sn is the linear dimension of the
region. To simplify matters, we treat particle motion in
only one direction and later average with particles that
FIG. 1: Laser beam profile split into a number of concentric
regions.
move in the other direction. In that case, ρ′ = ρn−1.
Thus, the rate equations for the density matrix ρn of the
ntextsuperscriptth region become
i ~
∂ρn
∂t
=
[
Hˆ, ρn
]
+ i ~Rˆρn − i ~γˆtnρn
+ i ~γˆtnρn−1 − i ~γˆcρn + i ~γˆcρ0. (3)
In this equation the relaxation operator Rˆ describes spon-
taneous relaxation only and γˆc is the collisional relaxation
rate, which, however, becomes significant only at higher
gas densities.
Next, the rotating wave approximation [24] is applied
to the OBEs, which yield stochastic differential equa-
tions that can be simplified by means of the decorrelation
approach [25]. Since the measurable quantity is merely
light intensity, a formal statistical average is performed
over the fluctuating phases of these stochastic equations,
making use of the decorrelation approximation [21]. As
a result, the density matrix elements that correspond to
optical coherences are eliminated and one is left with rate
3equations for the Zeeman coherences:
∂ρngi,gj
∂t
=
∑
ek,em
(
Ξngiem + (Ξ
n
ekgj
)∗
)
d∗giekdemgjρ
n
ekem
−
∑
ek,gm
(Ξnekgj )
∗d∗giekdekgmρ
n
gmgj
−
∑
ek,gm
Ξngiekd
∗
gmek
dekgjρ
n
gigm (4)
− iωgigjρngigj +
∑
ekel
Γekelgigjρ
n
ekel
− γtρngigj
+ γnt ρ
n−1
gigj − γnc ρngigj + γcρ0gigj
∂ρnei,ej
∂t
=
∑
gk,gm
(
(Ξneigm)
∗ + Ξngkej
)
d∗eigkdgmejρ
n
gkgm
−
∑
gk,em
Ξngkejdeigkd
∗
gkem
ρnemej
−
∑
gk,em
(Ξneigk)
∗demgkd
∗
gkej
ρneiem (5)
− iωeiejρneiej − Γρneiej − γnt ρneiej
+ γnt ρ
n−1
eiej − γcρneiej .
In both equations, the first term describes population
increase and creation of coherence due to induced tran-
sitions, the second and third terms describe population
loss due to induced transitions, the fourth term describes
the destruction of Zeeman coherences due to the splitting
ωgigj , respectively, ωeiej of the Zeeman sublevels in an
external magnetic field, and the fifth term in Eq. 5 de-
scribes spontaneous decay with Γρneiej giving the spon-
taneous rate of decay for the excited state. At the same
time the fifth term in Eq. 4 describes the transfer of pop-
ulation and coherences from the excited state matrix el-
ement ρekel to the ground state density matrix element
ρgigj with rate Γ
ekel
gigj . These transfer rates are related to
the rate of spontaneous decay Γ for the excited state. Ex-
plicit expressions for these Γekeigigj can be calculated from
quantum angular momentum theory and are given in [9].
The remaining terms have been described previously in
the context of Eqns. 2 and 3. The laser beam interaction
is represented by the term
Ξgiej =
|εn|2
Γ+∆ω
2 + i
(
ω¯ − k · v + ωgiej
) , (6)
where |εn|2 is the laser field’s electric field strength in
the nth region, Γ is the spontaneous decay rate, ∆ω is
the laser beam’s spectral width, ω¯ is the laser frequency,
k · v gives the Doppler shift, and ωgiej is the difference
in energy between levels gi and ej . The system of lin-
ear equations can be solved for stationary conditions to
obtain the density matrix ρ.
From the density matrix one can obtain the fluores-
cence intensity from each region for each velocity group
v and given polarization εf up to a constant factor of
I˜0 [26–28]:
In(v, εf ) = I˜0
∑
gi,ej ,ek
d∗(ob)giej d
(ob)
ekgi
ρejek . (7)
From these quantities one can calculate the total fluores-
cence intensity for a given polarization εf :
I(εf ) =
∑
n
∑
v
f(v)∆v
An
A
In(v, εf ). (8)
Here the sum over n represents the sum over the different
beam regions of relative area An/A as they are traversed
by the particle, v is the particle velocity along the laser
beam, and f(v)∆v gives the number of atoms with ve-
locity v ± ∆v/2.
In practice, we do not measure the electric field
strength of the laser field, but the intensity I = P/A,
where P is the laser power and A is the cross-sectional
area of the beam. In the theoretical model it is more
convenient to use the Rabi frequency ΩR, here defined as
follows:
ΩR = kR
||d|| · ||||
~
= kR
||d||
~
√
2I
0nc
, (9)
where ||d|| is the reduced dipole matrix element for the
transition in question, 0 is the vacuum permittivity, n is
the index of refraction of the medium, c is the speed of
light, and kR is a factor that would be unity in an ideal
case, but is adjusted to achieve the best fit between the-
ory and experiment since the experimental situation will
always deviate from the ideal case in some way. We as-
sume that the laser beam’s intensity distribution follows
a Gaussian distribution. We define the average value of
ΩR for the whole beam by taking the weighted average of
a Gaussian distribution on the range [0,FWHM/2], where
FWHM is the full width at half maximum. Thus it fol-
lows that the Rabi frequency at the peak of the intensity
distribution (see Fig. 1) is ΩR = 0.721Ωpeak. From there
the Rabi frequency of each region can be obtained by
scaling by the value of the Gaussian distribution func-
tion.
III. EXPERIMENTAL SETUP
The theoretical model was tested with two experi-
ments. The first experiment measured magneto-optical
resonances on the D1 line of
87Rb and is shown schemat-
ically in Fig. 2. The experiment has been described else-
where along with comparison to an earlier version of the
theoretical model that did not divide the laser beam into
separate regions [29]. The laser was an extended cavity
diode laser, whose frequency could be scanned by apply-
ing a voltage to a piezo crystal attached to the grating.
Neutral density (ND) filters were used to regulate the
laser intensity, and linear polarization was obtained us-
ing a Glan-Thomson polarizer. A set of three orthog-
onal Helmholtz coils scanned the magnetic field along
4ND filters
Lens
Polarizer
Coils
Laser
Fluorescence
Rb cell
Obs.
x
y
z
E B
Exc.
Experimental geometry
PD
Lenses
F=2
0
.8
1
 G
H
z
6
.8
3
 G
H
z
7
9
5
.0
n
m
52S1/2
52P1/2
F=1
F=2
F=1
FIG. 2: (Color online) Basic experimental setup for measur-
ing magneto-optical resonances. The inset on the left shows
the level diagram of 87Rb [30]. The other inset shows the
geometrical orientation of the electric field vector E, the mag-
netic field vector B, and laser propagation direction (Exc.)
and observation direction (Obs.).
the z axis while compensating the ambient field in the
other directions. A pyrex cell with a natural isotopic
mixture of rubidium at room temperature was located
at the center of the coils. The total laser induced fluo-
rescence (LIF) in a selected direction (without frequency
or polarization selection) was detected with a photodi-
ode (Thorlabs FDS-100) and data were acquired with a
data acquisition card (National Instruments 6024E) or a
digital oscilloscope (Agilent DSO5014). To generate the
magnetic field scan with a rate of about 1 Hz, a computer-
controlled analog signal was applied to a bipolar power
supply (Kepco BOP-50-8M). The laser frequency was si-
multaneously scanned at a rate of about 10-20 MHz/s,
and it was measured by a wavemeter (HighFinnesse WS-
7). The laser beam was characterized using a beam pro-
filer (Thorlabs BP104-VIS).
A second experimental setup was used to study the
spatial profile of the fluorescence generated by atoms in
a laser beam at resonance. It is shown in Fig. 3. Here
two lasers were used to excite the D1 and D2 transi-
tions of cesium. Both lasers were based on distributed
feedback diodes from toptica (DL100-DFB). One of the
lasers (Cs D2) served as a pump laser with a spatially
broad and intense beam, while the other (Cs D1), spa-
tially narrower beam probed the fluorescence dynamics
within the pump beam. Figure 4 shows the level scheme
of the excited transitions. Both lasers were stabilized
with saturation absorption signals from cells shielded by
three layers of mu-metal. Mu-metal shields were used
to avoid frequency drifts due to the magnetic field scan
performed in the experiment and other magnetic field
fluctuations in the laboratory.
A bandpass filter (890 nm ± 10 nm) was placed be-
fore the photodiode. To reduce noise from the intense
pump beam, the probe beam was modulated by plac-
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FIG. 3: (Color online) Experimental setup for the two-laser
experiment. The lasers were stabilized by two Toptica Dig-
ilok modules locked to error signals generated from saturated
absorption spectroscopy measurements made in a separate,
magnetically shielded cell.
F=4
1.17 GHz
9.19 GHz
8
9
4
.6
 n
m
62S1/2
62P1/2
F=3
F=4
F=3
62P3/2
F=5
F=4
F=3
F=2
0.15 GHz
0.20 GHz
0.25 GHz
8
5
2
.3
 n
m
FIG. 4: Level scheme for the two-laser experiment. The bold,
solid arrow represents the pump laser transition, whereas the
arrows with dashed lines represent the scanning laser transi-
tions. Other transitions are given as thin, solid lines.
ing a mechanical chopper near its focus, and the fluo-
rescence signal was passed through a lock-in amplifier
and recorded on a digital oscilloscope (Yokogawa DL-
6154). The probe laser was scanned through the pump
laser beam profile using a mirror mounted on a mov-
ing platform (Nanomax MAX301 from Thorlabs) with a
scan range of 8 mm in one dimension. The probing beam
itself had a full width at half maximum (FWHM) diam-
eter of 200 µm with typical laser power of 100 µW. The
pump beam width was 1.3 mm (FWHM) and its power
was 40 mW. This laser beam diameter was achieved by
letting the laser beam slowly diverge after passing the
focal point of a lens with focal length of 1 m. The pump
laser beam diverged slowly enough to be effectively con-
stant within the vapor cell. The probe beam was also
focussed by the same lens to reach its focus point inside
5the cell.
IV. APPLICATION OF THE MODEL TO
MAGNETO-OPTICAL SIGNALS OBTAINED
FOR HIGH LASER POWER DENSITIES
As a first test for the numerical model with multiple
regions inside the laser beam, we used the model to cal-
culate the shapes of magneto-optical resonances for 87Rb
in an optical cell. The experimental setup was described
earlier (see Fig. 2). Figure 5(a)–(c) show experimental
signals (markers) and theoretical calculations (curves) of
magneto-optical signals in the Fg = 2 −→ Fe = 1 transi-
tion of the D1 line of
87Rb. Three theoretical curves are
shown: curve N1 was calculated assuming a laser beam
with a single average intensity; curve N20 was calculated
using a laser beam divided into 20 concentric regions;
curve N20MT was calculated in the same way as curve
N20, but furthermore the results were averaged also over
trajectories that did not pass through the center. At the
relatively low Rabi frequency of ΩR = 2.5 MHz [Fig. 5(a)]
all calculated curves practically coincided and described
well the experimental signals. The single region model
treats the beam as a cylindrical beam with an intensity
of 2 mW/cm2, which is below the saturation intensity for
that transition of 4.5 mW/cm2 [30]. When the laser in-
tensity was 20 mW/cm2 (ΩR = 8.0 MHz), well above the
saturation intensity, model N1 is no longer adequate for
describing the experimental signals and model N20MT
works slightly better [Fig. 5(b)]. In particular, the res-
onance becomes sharper and sharper as the intensity
increases, and models N20 and N20MT reproduce this
sharpness. Even at an intensity around 200 mW/cm2
(ΩR = 25 MHz), the models with 20 regions describe the
shape of the experimental curve quite well, while model
N1 describes the experimental results poorly in terms of
width and overall shape [Fig. 5(c)].
V. INVESTIGATION OF THE SPATIAL
DISTRIBUTION OF FLUORESCENCE IN AN
INTENSE LASER BEAM
A. Theoretical investigation of the spatial
dynamics of fluorescence in an extended beam
In order to describe the magneto-optical signals in the
previous sections, the fluorescence from all concentric
beam regions in models N20 and N20MT was summed,
since usually experiments measure only total fluorescence
(or absorption), especially if the beams are narrow. How-
ever, solving the optical Bloch equations separately for
different concentric regions of the laser beam, it is pos-
sible to calculate the strength of the fluorescence as a
function of distance from the center of the beam. With
an appropriate experimental technique, the distribution
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FIG. 5: (Color online) Magneto-optical resonances for the
Fg = 2 −→ Fe = 1 transition of the D1 line of 87Rb. Filled
circles represent experimental measurements for (a) 28 µW
(ΩR=2.5 MHz) (b) 280 µW (ΩR=8.0 MHz), and (c) 2800
µW (ΩR=25 MHz). Curve N1 (dashed) shows the results of
a theoretical model that uses one Rabi frequency to model
the entire beam profile. Curve N20 (dash-dotted) shows the
result of the calculation when the laser beam profile is divided
into 20 concentric circles, and the optical Bloch equations are
solved separately for each circle. Curve N20MT (solid) shows
the results for a calculation with 20 concentric regions when
trajectories are taken into account that do not pass through
the center of the beam.
6of fluorescence within a laser beam could also be mea-
sured.
Figure 6 shows the calculated fluorescence distribution
as a function of position in the laser beam. As atoms
move through the beam in one direction, the intense laser
radiation optically pumps the ground state. In a very
intense beam, the ground state levels that can absorb
light have emptied even before the atoms reach the center
(solid, green curve). Since atoms are actually traversing
the beam from all directions, the result is a fluorescence
profile with a reduction in intensity near the center of the
beam (dashed, red curve). The effect of increasing the
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FIG. 6: (Color online) Fluorescence distribution as a function
of position in the laser beam. Dotted (blue) line—laser beam
profile, solid (green) line—fluorescence from atoms moving in
one direction; dash-dotted (red) line—the overall fluorescence
as a function of position that results from averaging all beam
trajectories. Results from theoretical calculations.
laser beam intensity (or Rabi frequency) can be seen in
Fig. 7. At a Rabi frequency of ΩR = 0.6 MHz, the flu-
orescence profile tracks the intensity profile of the laser
beam exactly. When the Rabi frequency is increased ten
times (ΩR = 6.0 MHz), which corresponds to an inten-
sity increase of 100, the fluorescence profile already ap-
pears somewhat deformed and wider than the actual laser
beam profile. At Rabi frequencies of ΩR = 48.0 MHz and
greater, the fluorescence intensity at the center of the in-
tense laser beam is weaker than towards the edges as a
result of the ground state being depleted by the intense
radiation before the atoms reach the center of the laser
beam.
B. Experimental study of the spatial dynamics of
excitation and fluorescence in an intense, extended
beam
In order to test our theoretical model of the spatial
distribution of fluorescence from atoms in an intense, ex-
tended pumping beam, we decided to record magneto-
optical resonances from various positions in the pumping
beam. The experimental setup is shown in Fig. 3. To
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FIG. 7: (Color online) Fluorescence distribution as a function
of position in the laser beam for various values of the Rabi
frequency. Results from theoretical calculations. As the Rabi
frequency increases, the distribution becomes broader.
visualize these data, surface plots were generated where
one horizontal axis represented the magnetic field and
the other, the position of the probe beam relative to the
pump beam axis. The height of the surface represented
the fluorescence intensity. In essense, the surface con-
sists of a series of magneto-optical resonances recorded
for a series of positions of the probe beam axis relative
the the pump beam axis. Fig. 8 shows the results for ex-
periments [(a)] and calculations [(b)] for which the pump
beam was tuned to the Fg = 4 −→ Fe = 4 transition
of the Cs D2 line and the probe beam was tuned to the
Fg = 4 −→ Fe = 3 transition of the Cs D1 line. One
can see that the theoretical plot reproduces qualitatively
all the features of the experimental measurement. Simi-
lar agreement can be observed when the probe beam was
tuned to the Fg = 3 −→ Fe = 4 transition of the Cs D1
line, as shown in Fig. 9.
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FIG. 8: (Color online) Magneto-optical resonances produced for various positions of the probing laser beam (Fg = 4 −→ Fe = 3
transition of the D1 line of cesium) with respect to the pump laser beam (Fg = 4 −→ Fe = 4 transition of the D2 line of
cesium): (a) experimental results and (b) theoretical calculations.
VI. CONCLUSIONS
We have set out to model magneto-optical signals more
accurately at laser intensities significantly higher than
the saturation intensity by dividing the laser beam into
concentric circular regions and solving the rate equa-
tions for Zeeman coherences in each region while taking
into account the actual laser intensity in that region and
the transport of atoms between regions. This approach
was used to model magneto-optical resonances for the
Fg = 2 −→ Fe = 1 transitions of the D1 line of 87Rb,
comparing the calculated curves to measured signals. We
have demonstrated that good agreement between theory
and experiment can be achieved up to Rabi frequencies
of at least 25 MHz, which corresponds to a laser intensity
of 200 mW/cm2, or more than 40 times the saturation
intensity of the transition. As an additional check on the
model, we have studied the spatial distribution of the flu-
orescence intensity within a laser beam theoretically and
experimentally. The results indicated that at high laser
power densities, the maximum fluorescence intensity is
not produced in the center of the beam, because the
atoms have been pumped free of absorbing levels prior
to reaching the center. We compared experimental and
theoretical signals of magneto-optical resonance signals
obtained by exciting cesium atoms with a narrow, weak
probe beam tuned to the D1 transition at various lo-
cations inside a region illuminated by an intense pump
beam tuned to the D2 transition and obtained good qual-
itative agreement.
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